Resting-cell suspensions of Desulfomonile tiedjei consumed H2 with 3-chloro-, 3-bromo-, and 3-iodobenzoate as electron acceptors with rates of 0.50, 0.44, and 0.04 ,umol h-1 mg-I, respectively. However, benzoate and 3-fluorobenzoate were not metabolized by this bacterium. In addition, H2 uptake was at least fourfold faster when sulfate, sulfite, or thiosulfate was available as the electron acceptor instead of a haloaromatic substrate. When sulfite and 3-chlorobenzoate were both available for this purpose, the rate of H2 uptake by D. tiedjei was intermediate between that obtained with either electron acceptor alone. Hydrogen concentrations were reduced to comparably low levels when either 3-chlorobenzoate, sulfate, or sulfite was available as an electron acceptor, but significantly less H2 depletion was evident with benzoate or nitrate. Rates of 3-chlorobenzoate dechlorination increased from an endogenous rate of 14.5 to 17.1, 74.0, 81.1, and 82.3 nmol h-1 mg-' with acetate, pyruvate, H2, and formate, respectively, as the electron donors. Sulfite and thiosulfate inhibited dehalogenation, but sulfate and NaCl had no effect. Dehalogenation and H2 metabolism were also inhibited by acetylene, molybdate, selenate, and metronidazole. Sulfite reduction and dehalogenation were inhibited by the same respiratory inhibitors. These results suggest that the reduction of sulfite and dehalogenation may share part of the same electron transport chain. The kinetics of H2 consumption and the direct inhibition of dehalogenation by sulfite and thiosulfate in D. tiedjei cells clearly indicate that the reduction of sulfur oxyanions is favored over aryl dehalogenation for the removal of reducing equivalents under anaerobic conditions. Such findings confirm that dehalogenation represents a novel type of anaerobic respiration and may help explain why the process is slower in sulfate-rich environments.
Aryl reductive dehalogenation is the initial and often the rate-limiting reaction for the biodegradation of halogenated aromatic compounds in anoxic habitats (15) . Anaerobic dehalogenation reactions have been studied in various habitats and are generally found in environmental samples where methanogenesis occurs, but they are found less frequently when sulfate-or nitrate-reducing conditions predominate (9, 10, (15) (16) (17) 22) . In fact, the presence of sulfur oxyanions has been shown to inhibit dehalogenation in environmental samples or by a dehalogenating anaerobe, Desulfomonile tiedjei (5, 9, 10, 16, 17, 22) . Earlier work has also shown that aryl reductive dehalogenation reactions are enhanced in anoxic aquifer slurries by the addition of organic acids and alcohols (10, 16) . It was hypothesized that this stimulation was due to a transient increase in H2 concentrations in the slurries and that H2 was an electron donor for dehalogenation (16) . Similarly, H2 was the proposed electron donor for dehalogenation by a reconstructed consortium containing D. tiedjei because of an apparent change in electron flow from methanogenesis to dechlorination when 3-chlorobenzoate was present (7) . However, H2 inhibited dehalogenation by D. tiedjei when the cell was cultured with pyruvate and 3-chlorobenzoate in a complex medium amended with rumen fluid (17) . Recent reports now show that slow growth of D. tiedjei can occur in a mineral salts medium amended with acetate and 3-chlorobenzoate with either H2 or formate as the electron donor (6, 18) . These results suggested that the oxidation of H2, formate, or acetate coupled to dehalogenation could supply sufficient energy for growth of D. tiedjei (6, 18) . However, results obtained with growing cultures and complex consortia fail to * Corresponding author. distinguish clearly the effect that these electron donors and alternate electron acceptors have on the growth of the requisite bacteria, the induction of presumed dehalogenating enzymes, or the electron transfer reactions during dehalogenation. To separate growth and induction from metabolism, we used resting-cell suspensions of D. tiedjei to monitor both H2 consumption and dehalogenation activity in the presence of various electron donors and acceptors.
MATERIALS AND METHODS
Growth of the culture. D. tiedjei was grown with 40 mM pyruvate, 2 mM 3-chlorobenzoate, and 0.05% yeast extract in a defined medium that was described previously (3 Bottles were initially incubated under 2 kPa of N2 overpressure with 5 mM formate as an electron donor (0) or 5 mM formate and no 3-chlorobenzoate (0). Arrows denote times when amendments of 3-chlorobenzoate were added to the incubation mixtures. These amendments resulted in slight pressure increases. The transducer output in millivolts was directly proportional to the pressure in kilopascals.
Ohio, and the other chemicals were obtained from Sigma Chemical Co., St. Louis, Mo.
RESULTS
D. tiedjei cells reduced the pressure in H2-amended resting-cell suspensions when 3-chlorobenzoate was present as the electron acceptor (Fig. 1A) . The rate of pressure decrease was proportional to the cell concentration below an H2 consumption rate of 68 ,umol h-1. This rate of H2 uptake could not be increased by adding biomass and was therefore determined to be the mass transfer limitation for this system. The cell concentrations were adjusted so that H2 uptake rates were below this mass transfer limitation. No pressure reduction was observed in autoclaved controls or when identical incubation mixtures were pressurized with only N2. Similarly, only a very slow decrease in pressure was observed (0.75% loss per h) for over 15 h in H2-amended cell suspensions that lacked an electron acceptor (Fig. 1A) or when benzoate replaced 3-chlorobenzoate (data not shown). However, an immediate decrease in H2 was observed when 3-chlorobenzoate was added to suspensions that initially lacked an electron acceptor (Fig. 1A) .
The addition of formate to cell suspensions with an N2 atmosphere caused a rapid pressure increase during the first (Table 2) .
We tested the effect of sulfur oxyanions on the rate of H2 a Results are from triplicate experiments. Formate, pyruvate, and acetate were added at initial concentrations of 5 mM. All incubations had 70 kPa of N2 gas except those amended with H2, which were initially vented to atmospheric pressure before the addition of 5 ml of H2 gas (25 kPa).
b Bottles contained N2 (25 kPa) before amendment with 5 ml of H2. uptake and dehalogenation by resting cells of D. tiedjei. The H2 consumption rate was 6 times faster in the presence of sulfite (Fig. 3 ). Sulfate and thiosulfate also supported much faster H2 uptake than did 3-chlorobenzoate. However, intermediate H2 uptake rates were found when both 3-chlorobenzoate and sulfite were available as electron acceptors (Fig.  3) . Comparable results were also obtained with sulfate and thiosulfate ( (Table 3 ). The protonophore carbonyl cyanide m-chlorophenylhydrazine (10 ,uM) inhibited H2 consumption with either sulfite or 3-chlorobenzoate as the electron acceptor and inhibited dehalogenation. Other compounds found to cause at least a 50% inhibition of H2 consumption with either 3-chlorobenzoate or sulfite as the electron acceptor include CuCl2 (1 mM), diphenylamine (100 ,uM), 8-hydroxyquinoline (2 mM), and dimercaprol (10 mM) (data not shown). Dehalogenation of 3-chlorobenzoate was also inhibited by all of these metabolic inhibitors (data not shown) and sulfite or thiosulfate ( Table 3 ). The addition of sulfite to actively dehalogenating cultures reduced the rate of dehalogenation, (6 mM), Na2SO3 (2.5 mM), Na2SO4 (2.5 mM), or NaNO3 (2.5 mM) were initially amended with 5 ml of H2 gas (25 kPa but sulfate had no significant effect (Fig. 4, Table 4 ). The addition of sulfite caused an 80% shift in electron flow from dehalogenation to sulfite reduction with either H2 or the endogenous electron donor, based on the change in the dehalogenation rate (Table 4) . Metronidazole completely inhibited dehalogenation, but NaCl had no effect on the reaction (Table 4 ).
The relative rates of H2 consumption were measured with various halogenated benzoates, sulfite, or nitrate as the electron acceptor. Excluding the results with fluorobenzoate, H2 uptake was the fastest when the benzoates were substituted with halogens of smaller atomic mass (Table 5 ). The rates of H2 consumption presumably reflected the rate of dehalogenation by D. tiedjei, since slower rates of dehalogenation were observed for the larger halogens. The addition of sulfite stimulated H2 uptake relative to the rates obtained with the halogenated substrates but inhibited the dehalogenation of all the halobenzoates (Table 5 ). In contrast, nitrate amendment increased H2 consumption but had no effect on dechlorination in cell suspensions ( b Averages of duplicate determinations (standard deviations were less than 5%) calculated from the change in the gas pressure and the total amount of protein in bottles. Electron acceptors and inhibitors were added at 2 mM. All bottles were vented to atmospheric pressure before the addition of 5 ml of H2 gas (25 kPa). when both sulfite and 3-chlorobenzoate were used as electron acceptors (Fig. 3) , the rate of H2 consumption with nitrate and 3-chlorobenzoate was nearly the sum of their individual rates (Table 5) .
DISCUSSION
We have shown that H2 is an electron donor for dehalogenation reactions catalyzed by D. tiedjei. This is in general agreement with earlier results obtained with a reconstructed consortium containing D. tiedjei (7) but contrasts with results from studies of the pure culture under growing conditions (17) . The inhibition of dehalogenation by H2 in the latter experiments may have been a result of growth inhibition. It was previously observed that the growth of this organism on pyruvate and 3-chlorobenzoate was inhibited under an H2-C02 gas phase (3).
We found that formate and pyruvate stimulated dehalogenation activity by resting cells of D. tiedjei, whereas acetate had no effect. The oxidation of these compounds coupled to 3-chlorobenzoate dechlorination is thermodynamically favorable under standard conditions (8, 25) . The stimulation 27.0 ± 2.5 4.29 + 1.5 a 3-Chlorobenzoate was present in all experiments. Additions were made to bottles after an initial zero-order rate with five time points was established. The compounds were added to reach initial concentrations of 2 mM, except NaCl and metronidazole, which were added at 4 and 1 mM, respectively. All incubation mixtures were amended with 5 ml of H2 gas (25 kPa) except for the one that had a 100% N2 gas phase (50 kPa). b Averages of duplicate determinations calculated from the change in the gas pressure and the total amount of protein in bottles. Electron acceptors were added at 2 mM. All bottles were vented to atmospheric pressure before the addition of 5 ml of H2 gas (25 kPa).
by formate was apparently through H2 as an intermediate, but pyruvate appears to not evolve H2 as an intermediate for dehalogenation, since there was no substantial pressure change in reaction mixtures amended with the latter donor. Our findings also suggest that D. tiedjei used H2 as the electron donor in experiments in which growth in mineral medium was obtained with formate, acetate, and 3-chlorobenzoate (6, 18) .
D. tiedjei consumed H2 at faster rates with the sulfur oxyanions than with the halobenzoates as electron acceptors, but the concentrations of H2 at the end of these experiments were comparably low. This suggests that, in the presence of sulfate, the organism rapidly lowers the H2 concentration to a level that is less favorable for dehalogenation. In addition, sulfite and thiosulfate directly inhibited dehalogenation by D. tiedjei, but sulfate did not. Identical results were also obtained with cell extracts of D. tiedjei (4) . We previously speculated that dehalogenation and sulfate reduction did not compete for electrons in cell-free assays, because extracts were unable to form adenosine 5'-phosphosulfate, the first intermediate in sulfate reduction (4) . However, we found in this study that D. tiedjei reduced sulfate and 3-chlorobenzoate simultaneously with no apparent inhibition of dehalogenation. Consequently, the former explanation is unlikely. The differences in the dehalogenation inhibition effects by the sulfur oxyanions remain unclear but may be due to the chemical reactivity of sulfite or thiosulfate with the proteins involved in dehalogenation compared with the chemically inert sulfate anion (4 (9, 10, 16, 22) but contrasts with findings demonstrating the dehalogenation of bromo-and chlorophenols in sulfate-rich samples from complex environments (11, 13, 14) . However, in one of the latter studies, dehalogenation was substantially slower in the presence of sulfate (14) . Although nitrate is a poor electron acceptor for D. tiedjei, dehalogenation reactions will probably not effectively compete for H2 in environments predominated by nitrate-reduction. As an ecological process, nitrate reduction can keep H2 concentrations at extremely low levels (2) . In this respect, it may be similar in effect to the sulfur oxyanions. Attempts at obtaining dehalogenating enrichments from environmental samples amended with nitrate have not been successful (22) .
The ability of dehalogenating bacteria to scavenge H2 in anaerobic environments may be dependent on the other microbial electron-accepting reactions present in particular habitats (2) 
